Objectives
The goal of this project was to investigate the basic mechanisms that deter- " to investigate the sensitivity of EPS forecasts to initial ensemble perturbations associated with the typhoon undergoing ET, to the stochastic physics and to higher horizontal resolution.
" to investigate the impact of dropsonde data in tropical cyclones on the forecast of the downstream flow.
" to investigate the mechanisms by which the tropical cyclone modifies the downstream flow using idealised modeling and potential vorticity (PV) inversion.
" to assess the variability in the structure of the low-level wind field during ET using results from idealised model calculations.
Scientific Importance
Tropical cyclones that are undergoing extratropical transition (ET) are characterized by an increased forward speed, increased asymmetry in the wind and precipitation fields and an increase in horizontal scale. Thus, although the maximum wind speed typically decreases, they still pose a considerable threat to maritime activities as the increased forward speed can lead to a dramatic and rapid increase in wave height and the increase in scale leads to a larger areal coverage of gale force winds. lirthermore, the interaction of the tropical cyclone with the midlatitude flow can result in the excitation of a Rossby wave packet that can initiate explosive development downstream of the ET system itself. Predicting ET poses a considerable challenge for numerical weather forecast systems as the interaction between the tropical cyclone and the midlatitude flow covers a large range of scales from the convective inner-core of a tropical cyclone to the synoptic-to-planetary-scale Rossby waves. Reduced predictability may be associated with the direct impact of an ET event, if the ex-tropical cyclone is predicted to reach a continent as an extratropical storm. Arguably the larger impact on predictability, however, occurs due to the above mentioned Rossby wave train. This may initiate extratropical cyclogenesis in the eastern ocean basin, or modify existent flow patterns enhancing the risk of severe precipitation events. Due to its influence on the downstream flow an ET event can lead to significantly reduced predictability over an entire ocean basin.
Extratropical Transition in Ensemble Prediction

Case studies
Since there are often large errors in deterministic forecasts of ET (Jones et al., 2003) , it is essential to obtain information about the probability of a particular forecast. Ensemble forecasts not only give information about the predictability of synoptic events but represent also a large set of dynamically consistent possible evolutions of the events. Furthermore, they can give information about scenarios that are less likely but still possible.
Five ET cases including strong and weak events both in the western North Pacific and the North Atlantic were investigated with the ECMWF EPS. All five cases exhibited a characteristic trough-ridge-trough pattern in the midlatitudes on the dynamic tropopause, consisting of the trough that interacts with the respective TC, a ridge directly downstream and a second trough downstream of the ridge. It became evident that the ET events were associated with high uncertainty in the EPS.
The standard deviation was used to quantify the uncertainty at 200 and 500 hPa. The regions of highest standard deviation in the major TC cases could be found from 18 to 60 h after ET in a trough upstream of the ET, directly associated with the ET, and in a downstream trough. As the strong increase of standard deviation was always seen shortly after completion of the ET irrespective of the forecast interval prior to it, evidence is given that the uncertainty is tied to the ET. For example, for Typhoon Maemi (2003, Fig. 1 ) the region of increased standard deviation originating near 130E is due to different representations of the ET of Maemi. The mid-Pacific high standard deviation is associated with the variability of a downstream trough.
In the weak ET cases the highest uncertainties could be found somewhat later after ET than for the strong cases, at the location where the remnants of the weak ET systems merged with the respective midlatitude system. While the overall uncertainty in the ensemble grows for longer forecast times, several days after ET the high values of standard deviation associated with the ET event decrease to more normal values compared with regions that are not influenced by the ET. This decrease further demonstrates the connection between the high variability in the ensemble and the ET event.
Initializing the forecast at times, when the relative location of the respective upstream trough to the recurving TC, referred to here as "phasing", was better defined, yielded much lower uncertainty for the same forecast lead time ( Fig. 1 b) . The connection of the increased variability among ensemble members to the respective ET is reduced but still a comparatively high uncertainty associated with the ET event remains.
In order to investigate the variability of the ensemble members in association with extratropical transition we analysed the five cases of ET in the two ocean basins using principal component (PC) analysis and clustering techniques (Harr et al., 2007) . The leading empirical orthogonal functions (EOFs) are calculated for the region of interest. They identify the locations where the variability of the ensemble members is largest i.e. the centers of action.
The leading EOF identifies the dominant synoptic pattern that contributes most to the forecast variability. them is related to physical scenarios. The uncertainty was based mainly on two variability patterns: one pattern, that describes an east-west shift of the trough-ridge-trough pattern (Fig. 2a) , and another one that describes the amplitude of the trough-ridge-trough pattern (Fig. 2b) . Although the maxima of variability associated with ET decreased with decreasing forecast time, the variability patterns remained connected to the synoptic features of the ET.
By the aid of a c-means fuzzy cluster analysis applied to the first two principal components ensemble forecasts were grouped into different clusters according to similar forecast scenarios associated with the ETs. It could be seen that similar signs of contribution of the individual clusters to the variability patterns in all five cases led to similar developments of the ETs.
An eastward shift of the trough-ridge-trough pattern implies a faster motion and development of the ET system, whereas a westward shift implies a slower motion and development than in the other clusters (Fig. 2c) . A higher amplitude of the trough-ridge-trough pattern in one cluster would imply a deeper re-intensification of the system and a lower amplitude would imply a weaker re-intensification than in the other clusters (Fig. 2d ). These links have the potential to give the forecaster an indication of the future development of the system from examining the pattern of the dynamic tropopause during ET. For example, in the case of Maemi the shift and amplitude patterns are optimally separated in the EOFs. Thus, the clusters show the effect of the contribution to the variability patterns best (Fig. 3) .
With the aid of the analysis method a range of very different possible atmospheric developments in the regions of high variability were extracted.
Through the clustering, probabilities could be assigned to each of these de- velopments based on the number of members contained in each cluster. nurthermore, indications of atmospheric evolutions associated with the ETs that are not probable but possible are given. Hence, the large number of ensemble members, showing very different developments during ET, is reduced to a small number of ET scenarios that are provided with a probability of the ET event occurring. Thus, the information contained in the EPS can be made accessible to a forecaster.
Experiments
In the ECMWF EPS initial perturbations for the ensemble members are The EPS experiments showed that sufficient ensemble spread in the track and improved spread in the intensity forecast depends strongly on the additional perturbations targeted on Tokage. Without these, the track spread in the forecasts, especially that around the recurvature and ET of Tokage, was underestimated and the analysis was not contained within the ensemble members (Fig. 4) .
In general, the targeted SVs are expected to be appropriate to perturb larger scale features associated with the track forecast. The stochastic physics are needed to perturb small scale processes, such as convection in the inner core of the TC, that determine the intensity (Puri et al., 2001 ). In our case, however, the stochastic physics mainly yields sufficient spread in the intensity for the forecast times before ET. At ET time and thereafter, the targeted perturbations were responsible for weakening while the stochastic physics led to more deepening than seen in runs with neither targeted perturbations nor a)
Figure 4: Tracks for Tokage based on location of minimum sea level pressure for the runs with (a) and without (b) targeted perturbations on the TC. ECMWF analysis (black line with circles), best track (black line with crosses), deterministic forecast (black line with triangles) and ensemble forecast (colors) from FCST1 for 7 days. Analysis dashed after ET. Right lower corner: Positions of the ensemble members at ET time (purple x), analysis, best track and deterministic forecast only shown until ET time.
stochastic physics.
Tokage weakened considerably shortly after its landfall on Japan. The extent and rapidity of the weakening was not contained in the ensemble forecasts with targeted perturbations or with stochastic physics. Clearly, the weakening, which was probably associated with the landfall in Japan, is too severe a challenge for parameterization schemes. Other case studies of the representation of the intensity in the ensemble during the landfall of a typhoon on Japan or other small islands might yield insightful comparisons.
The new high resolution model cycle with targeted perturbations shows the best spread in track and intensity forecast. More members show a quick movement of Tokage. This is, however, due to other innovations rather than The strong growth of the effect due to the stochastic physics in the vicinity of the ET and the partial downstream propagation of this effect demonstrates that there is a distinct reduction of predictability due to parametrized processes associated with the ET (Fig. 5b, d to parametrized processes continue growing beyond the medium range.
The use of the EOF/cluster analysis showed that 4 clusters were obtained only in the runs with targeted perturbations. With stochastic physics alone or with high resolution alonej 3 clusters were found. Only the targeted perturbations with the old model cycle yield one cluster that shows no ET and, hence, is weaker than the analysis. The reason for the decay of Tokage in this cluster, however, was not the landfall as in the analysis, but that the TC was too far south of the midlatitude baroclinic zone. Even with the higher resolution and with targeted perturbations on Tokage only one cluster showed the weakening due to the landfall. However, in this cluster the ex-TC reintensified subsequently, as in all the other clusters. This is in contradiction to the analysis.
Influence of dropsonde data on downstream forecasts
The reduced predictability downstream of the tropical cyclone was demonstrated in the study using the ECMWF EPS. These results lead to the and 2005 hurricane seasons were investigated here (Boettcher, 2006) .
In Fig. 7 the differences between ALLDROP and NODROP for a fore- downstream flow is quantified using the mean forecast error reduction Fn (Szunyogh et al., 2000) given by
where the summation is calculated over n gridpoints in the region"Atlantic" that documented the interaction of an extratropical transition system with the mid-latitude tropopause. Finally, dropsonde humidity data is not used in forecasts.
Idealized modelling studies of Extratropical Transition
In order to investigate the mechanisms leading to the reduced predictability described in the previous section we conducted a numerical modeling study complemented by the partitioning of the flow into its rotational and divergent parts, was applied in the straight jet case to assess the impact of the ET system on the midlatitude flow quantitatively.
Straight jet case
In our basic experiment a tropical cyclone interacts with the most simplified representation of the midlatitude flow regime: a straight jet. The prominent features of the interaction are a jet streak that forms in the region where the outflow of the tropical cyclone impinges on the jet and a ridge-trough couplet on the tropopause. Both features amplify during the interaction (Fig. 10a,   b ). Beneath the left exit region of the jet streak rapid surface cyclogenesis takes place (Fig. 10b, c) . At upper levels the ridge-trough pattern extends downstream as a wave pattern and initiates a family of cyclones (Fig. 10c, d) ).
The evolution downstream of ET can be viewed as downstream baroclinic development with the tropical cyclone undergoing ET acting as the initial perturbation. The temporal evolution of the upper-level wave pattern can be interpreted as the excitation of a Rossby wave train by the ET event and its subsequent propagation downstream (Fig. 11) . We find also an indication of significant moisture transport into the midlatitudes associated with the ET system, both around its centre and ahead of the pronounced cold front (not 
The PV diagnosis reveals that the circulation associated with the ET system has a profound impact on the evolution of the ridge-trough pattern over an extended period of time. This is in marked contrast to traditional initial value studies of baroclinic development in which the initial perturbation is embedded in the midlatitude flow, subject to strong horizontal and vertical shear, and thus loses its initial structure rapidly. In our experiments the trop- 
ET scenarios with baroclinic waves
A baroclinic wave constitutes a more realistic albeit more complex representation of the midlatitude flow. We consider two contrasting scenarios in greater detail: developing baroclinic systems excited by a localized initial perturbation (referred to as the developing case in the following) and a mature baroclinic wave excited by a periodic initial perturbation (mature case). In both scenarios the impact of the ET system on the baroclinic development is inferred from the differences between the baroclinic life cycle experiment (LC run) and an experiment in which the ET system is present within the integration domain (ET run).
Developing case
In the developing case the initial position of the tropical cyclone is chosen so that ET takes place upstream of a midlatitude low pressure system in the early stage of development. Similar to the straight jet experiment an amplified ridge-trough pattern and a pronounced jet streak is found just downstream of ET (Fig. 13) . Arguably, this provides a more favorable upperlevel forcing for baroclinic development and the system just downstream of ET develops more strongly and rapidly than in the LC run (Fig. 14) . The stronger development leads to the amplification of the leading edge of the upper-level wave train. The more pronounced upper-level wave, in turn, promotes stronger subsequent baroclinic development further downstream. The most pronounced impact of the ET system in this scenario is thus the pro-motion of downstream development leading to an amplified upper-level wave train (Fig. 14) . Baroclinic feedback by stronger low-level systems -modified by diabatic processes is found to be crucial for the coherent propagation of the amplified wave train. 
Mature case
A periodic initial perturbation is used in this scenario to excite baroclinic development. At the time of the interaction with the tropical cyclone the surface lows and the upper-level PV anomalies form vertically coherent and long-lived vortices in the midlatitudes (Fig. 16a) . For the midlatitude system interacting with the ET system we observe a rapid disintegration of this coherent structure (Fig. 16b ). This disintegration is arguably due to strong shearing of the upper-level PV anomaly and also due to a modification of the low-level frontal structure and diabatic reduction of the upper-level PV anomaly (not shown). In this scenario the decay of the coherent vortex yields a stronger zonal orientation of the upper-level flow in the vicinity of the ET system. Subsequently, the zonal flow orientation leads to the deformation of the downstream upper-level troughs also and thus the zonal flow orientation spreads into the downstream region ( Fig. 16c and 17) . observations available to detail the substantial changes in the wind field. In this study we use data from the idealised model scenarios described in the previous section to investigate the evolution of the surface winds during ET.
The surface wind field is analysed for an ET scenario in which the tropical cyclone moves ahead of a broad trough and a cold front into the warm sector of an occluding midlatitude low pressure system. At 72 h the tropical cyclone is well south of the midlatitude system with a translation speed of 5 m/s and has a symmetric wind field in the inner-core (Fig. 18a,b) . At 132 h the tropical cyclone is located ahead of the cold front of the occluding midlatitude low (Fig. 18c) . The translation speed of the tropical cyclone has increased to around 14 ms -'. The surface wind field is now broader to the right of the direction of motion (Fig. 18d) . No interaction with the cold front occurs as the storm moves ENE. At 156 h the ET system is seen to interact with the warm front near the occlusion point (Fig. 18e) . The changes in the surface wind field are analysed in more detail by constructing radial profiles of the wind field perpendicular to the direction of motion. Both the total wind field and the wind field from which the trans-
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Collaboration with other groups lation speed has been subtracted are displayed. At 72 h the profile is rather symmetric and the maximum wind speed is similar to the left and right of the track (Fig. 19a) . When the translation speed is subtracted, the wind speed is higher to the left of the track (Fig. 19b) . As the tropical cyclone enters the transformation stage of ET the wind field becomes broader to the right of the track where the maximum wind speed is higher also (Fig. 19c) . However, the asymmetry cannot be explained by the translation speed alone, as the maximum wind speed without translation is much stronger to the left of the track (Fig. 19d) . After 156 h the wind field weakens further and broadens.
The asymmetry becomes more pronounced (Fig. 19e ) but can still not be explained as a translating symmetric vortex (Fig. 19f ).
This analysis shows that the simple model of a translating symmetric vortex does not explain the structure of the wind field in this case. The increased wind speed maximum on the right of the track is much lower than a simple addition of translation speed would suggest. Despite the differences in the maximum wind speed left and right of the track, the shape of the radial wind profiles become more symmetric when the translation speed is subtracted.
This suggests that the broadening is associated with translation, but other dynamical mechanisms determine the maximum wind speed. Future studies are needed to quantify these mechanisms.
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